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We have studied the effect of weak solusolvent attractions on the solvation of nonpolar molecules in
water at ambient conditions using an extension and improved parameterization of the theory of solvation due
to Lum, Chandler, and Weeks.[Phys. Chem. B999 103 4570]. With a reasonable strength of alkane

water interactions, an accurate prediction of the alkamater interfacial tension is obtained. As previously
established for solutes with no attractive interactions with water, the free energy of solvation scales with
volume for small solutes and with surface area for large solutes. The crossover to the latter regime occurs on
a molecular length scale. It is associated with the formation of a lieuagborlike interface, a drying interface,
between the large hydrophobic solute and liquid water. In the absence of attractions, this interface typically
lies more than one solvent molecular diameter away from the hard sphere surface. With the addition of attractive
interactions between water and the hard sphere, the average separation of the interface and solute surface is
decreased. For attractive force strengths typical of alkarager interactions, we show that the drying interface
adjacent to a large hydrophobic solute remains largely intact, but is moved into contact with the solute surface.
This effect results from the “soft modes” characterizing fluctuations of ligwabor interfaces. We show

that attractive interactions are of almost no consequence to the temperature dependence of the solvation free
energies relevant to protein folding.

I. Introduction hydrophobicity-water-vapor equilibrium and the phase separa-
tion of oil and water. Kauzmann commented on this fact long
ago? and recently, we have suggested that the juxtaposition is
Psignificant to the temperature dependence of protein folfling.
S . Of course, an assortment of interactions, and not only hydro-
the spheres have rad_u S|gn|f|ca_mtly less than 1 nm, the solvat|onIOhobiC effects, would appear to be important in protein folding,
free energy scales linearly with the volume excluded by the and this fact brings into question any conclusions based upon
solute. At large length scales, where the spheres (or spherlcalthe hard sphere model alone. The current paper takes a small
collection of spheres) have radii larger than 1 nm, the solvation step in beginning to address.this question by considering the
free energy scales linearly with the surface area of that ex_clud(_adeffects of adding attractions between water and hard sphere
\;glsuorgiea. te-ghv?/itﬁr?ﬁ:cf)gfr;;go;hgf f{?w;g;:‘"igaiﬁeﬁggge 'S solutes. Forms and strengths of the attractions we consider are
In particular, in the large length sca?le regpime solvent deﬁsity those typical of wateralkane interactions. In the !imit of avery

is depleted a’u the surface of the solute (the su;rface is said to belarge sphere, where the solute surface is effectively planar, our
o . . calculations provide an understanding of the differences between
dry”) and the value of the solvation free energy per unit area water-vapor and wateroil interfaces

is close to that of the liquidvapor surface tension. It is an :

enthalpic or energetic effect nucleated by the loss of hydrogen FOr the case of small hydrophobic species, the effects of
bonding in the vicinity of the solute surface. In contrast, at Waler—solute attractions have been examined by Pratt and

o . . . 10 i H
smaller length scales, it is the configuration space available for Chandler® That work argued that since these attractive forces
hydrogen bonding and not the bonding itself that is reduced. '€ very small in comparison with hydrogen bond forces, their
This reduction in configuration space is manifested in an effects on solvation free energies can be gstlmated by assuming
unfavorable entropy of solvation that scales with the size of the water structure around a hard sphere is unaltered by adding
that reduced space, and thus with the solute voltime. an attraction to the water. This physical idea is the essence of
These two regimes have very different temperature depend-ﬁrs’['Order perturbation 'Fheor.y (i.e., mean field theory), and ?t

ences. At large length scales, where an interface and surfacd€2ds {0 the corresponding simple CXPressions for the attractive
tension are dominant, the solvation free energy decreases Withmteraqtmq contrlputlon to the free energ‘yl. In parjupular, .
temperature. At small length scales, where entropy is dominant, attractlve |nteract|ops should produce a §|mple additive contri-
the low-temperature free energy increases with temperature. Thié’ult'on, to the solvaﬂog.enthalpy, lt;]uthno significant effc;:ct to thg
juxtaposition provides experimental evidence that the solvation Solvation entropy. This approach has proved satisfactory in
of small hydrophobic species, such as linear alkanes, is a €xplaining the solvation and transfer free energies for alkthes,

phenomenon different from that which drives large length scale atn%_'t 1|3514supported by the results of detailed simulation
studiest3:

* To whom correspondence should be addressed. E-mail: chandler@ FOr the case of large hydrophobic species, we show that the
cchem.berkeley.edu. physical picture is much the same. However, there is an
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Theory and simulation for hard spheres or bubbles in water
have established an important crossover between small and larg
length scale hydrophobicify> At small length scales, where
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interesting distinction. Extended hydrophobic surfaces induce D) =D(r) — P(ry), r=r,

the formation of an interface, and translation of the interface

occurs with very little free energy cost. At phase coexistence, =0, r>rg

there is no cost to translate a planar interface; its translational

mode is “infinitely soft”. At standard conditions, water is not Dy(r) =D(ry), r=ry,

precisely at liquid-vapor phase coexistence, but it is extremely — @), r>r, 1

close. As such, a weak attraction can easily move the interface
induced by a hydrophobic surface. This movement need not
alter hydrogen bonding or the interfacial structure. It simply
translates the location of the interface. We illustrate this effect
in section Ill, where we show the effects of increasing the
strength of the attraction, eventually reaching that of a water
alkane interface. At that point, the interface has been drawn
into contact with the hydrophobic surface, giving an average
interfacial density profile that is very similar to that found with
simulations of water between “paraffin” wal%:1” While drawn

into contact, it is still very much the drying interface that
characterizes the density of water near an extended hard wall

without attractions. Thus, we show in section Il that the wherea andm are related to the parameters in the van der

crossover for solvating hard spheres is also present for solvatin 2 o :
hard spheres that attract water. The absolute values of freg.Waals theor§/ describing the energy density and range of

. -~ interactions r ivelyw(p) is the local grand fr ner
energies differ in the two cases, but the differences are primarily te a_\cto S espect ey“_’(p) s the oc.:a grand free e_ eroy
those of a simple energetic contribution. Indeed, we show in density of a uniform fluid at a density, and [9p(r)Uis a
section IV that the temperature dependence for solvating hard€0arse-graining of the difference between the full equilibrium

spheres, both small and large, is essentially unaffected by adding?€NSity,(p(r)LJandn(r). In comparing eq 5 of ref 2 with eq 2,
water—solute attractions. note thatn(r) here is the quantity labeleal(r) in ref 2.

. . R Small length scale variations ip(r)Cinduced by the short-
The ability of weak attractions to translate the drying interface :
can be gleaned from the results of an ingenious simulation studyranged repulsiorpo(r), that are not captured by eq 2, are treated

: 18 . in a second stepDo(r) is first approximated by a hard sphere
!:)y Wallqylst et al® They exammedasphgre OfW"?‘ter embgdded potential, with an effective hard sphere radil®, chosen
in a continuum of an alkane-like material, treating cavities of

10 24 A in radius. Althouah i h q . according to the WCA theoty to minimize the structural and
Upto =4 AN radius. ough providing some hermodynamic thermodynamic changes resulting from this approximation. In
information, their work did not yield solvation free energies.

Other studies of hydrophobic solvation in the presence of particular, assuming that expf®(r)] is a more rapidly varying

. . ) function ofr than the solute solvent cavity distribution function,
solute-solvent attractions have been confined to relatively small y(r)
solutest319-26 Until now, therefore, in the presence of solute '
solvent attractions, the small and large length scaling of [
hydrophobic solvation free energies has been unknown. R~ jc; dr{1 — exp[= fPo(r)]} (3)

Before focusing on this scaling in sections IIl and IV, we

whererg is the position of the minimum o(r).

Strong attractions, coinciding with hydrophilic interactions,
are treated in the LCW theory by imposing constraints, as
illustrated in ref 2. On the other hand, the addition of a slowly
varying attractive potentiafp4(r), results in modification to one
of the principal equations of the LCW theory for the slowly
varying component of the solvent densityr) (eq 5 of ref 2).
This equation is changed by addidy(r), giving

w(n(r)) — mv2n(r) — 2aBp(r)0+ @,0r) =0 (2)

o . . . wheref = (kgT)"1. The termip(r)Ccan then be obtained in a
begin in the next section with the theory from which our results manner identical to previous LCW calculatifisr hard sphere

are derived. This theory is based upon the approach of Lum, . . .
Chandler, and Weeks (LCV¥)That work provides a theory for solutes: by assuming the fluctuationsgf) aroundn(r) obey
' Gaussian statistics and imposing the constraint @) 0= 0

treating hydrophop|C|ty at small apd Iarge length scales.' In ref inside the hard sphere volume252 This gives
2, the theory was implemented with a simple parameterization

of the equation of state for water. In Sec. I, we improve upon L ,

that parameterization to ensure that its prediction of the liguid [p(r)E=n(r) + f dr* c(r)x(r.r)

vapor density profile is consistent with results of simulation. _

In addition, in section II, we present formulas that generalize c(r)=0, rbv )
the LCW theory so that it may now be applied to solutes that Here, ¢(r) is the solute-solvent direct correlation function,
interact with water with relatively long-ranged attractions as hijch is expanded in a basis set inside the solute volume,
well as with short-ranged repulsions. We turn to this develop- yth coefficients chosen such tha{r)(= 0 inside the volumé?

ment now. The quantityy(r,r') is the interpolated densiydensity cor-
relation function,n(r)o(r — r') + n(r)n(r)h(jr — r'[), where
II. LCW Theory of Solute —Solvent Attractions h(r) is the bulk liquid water pair correlation function. (See eq

15 of ref 2.) Equation 4 is identical to eq 6 of ref 2. The term
Implementation of the LCW theory requires prior knowledge ®;(r) appears only implicity, through the dependencen@}
of the equation of state, the liquidapor surface tension, and  on this slowly varying potential in eq 2. The molecular scale
the radial distribution function of the pure solvent, in this case yan der Waals (MVDW) theory of Weeks and co-work&rs3
water. The methods used in the LCW theory calculations are which is similar to the LCW theory in its treatment of slowly
described in ref 2 (specifically by egs 2 through 15). and quickly varying components of the density, uses an
It is generally possible to partition a typical solttgolvent analogous approach for determining the response of the fluid
interaction potential®d(r), into a short-ranged repulsive part, to excluded volume constraints.
dy(r), and a longer-ranged and often slowly varying attractive  The free energy of solvation, when attractions are present, is
part, @4(r), as suggested by Weeks, Chandler, and Andersenobtained by thermodynamic integration. Applying eqs 2 and 4
(WCA).22 For a spherically symmetric potential, in the presence of a potentigd(r) for0 < £ < 1 (i.e., as the
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Figure 1. Free liquid-vapor interface profiles at 298 K frma 2 ns —_ B 7]
molecular dynamics simulation of the SPC/E water model (solid line) &,
(ref 3), usingw(p) from the original LCW theory of ref 2 (dotted line) 80 \
and from the parameterizationw(p) (Weoex(0)) Used in the LCW theory 1+ \ / 4 </
in the present work (dashed line). (
attractions are progressively turned on) to obtgir)[, the i 7
solvation free energy whe®(r) is present is
0 | 1
1
Au(®,) = Au(@y=0)+ [ dE [ drd (N 0 4 8 12 16
= Mg+ Attgy ©) r [A]

. . _ _ . Figure 2. Radial distribution functiong(r), as a function of distance,
The free energy without attractionAuo = Au(®1 = 0), is r, from the solute center for hard sphere solutes with rRd# 2.0,

determined using eqs 8 and 9 of ref 2. 4.0, 6.0, 8.0, and 10.0 A in SPC/E water at 298 K and 1.0 atm from
One of the goals of the present work is the prediction of the (a) Monte Carlo (MC) simulations and (b) from the parameterization
solvent structure outside solutes when schdelvent attractions of LCW theory in this work. The simulations were constant NPT MC
are present. It is therefore important that the solvent density in Simulations of 256, 500, 864, 1372, and 2048 particles respectively
the absence of attractions is described correctly. The simple van]‘:Or R=2.0,4.0,6.0 80, "}{‘d 10.0Aand We“f 200 000 cycles in length
der Waals form of the free energy densityp) used for water )f\’r R=20,4.0,and 6.0 A and 100 000 cycles Rr= 8.0, and 10.0
in the original LCW work (eq 12 of ref 2), however, predictsa =~
free liquid—vapor interface that is significantly broader than
that obtained in computer simulations of the SPC/E water model
at 298 K, as shown in Figure 1. The liquidtapor surface
tensionr of the SPC/E modét agrees with experimefitat 298
K, and may therefore be expected to capture the interfacial
behavior of water at this temperature. o—p
f We_ha_ve |nstead_ chosenvgp) that correctly describes the W(0) = Weoel(0) + —— lp (8)
ree liquid—vapor interface of the SPC/E water model at Py P
coexistence at 298 K. In the square gradient theory for a free
planar liquid-vapor interface (eq 2 with only the first two
terms)?’ it can be shown that for a density profile of the form

proximity to coexistence of water at ambient conditions (tem-
perature, T, of 298 K and pressurep, of 1 atm) in our
calculations with solutes, we have addedng@e(p) in eq 7 a
term linear inp such thatw(pg) — W(p)) ~ p = 1.0 atm, i.e.,

For a simple nonpolar fluid, the parameggiin eq 2 will be
equal toa, where—ap? is the attractive energy density of the
1 7 uniform liquid. Orientational degrees of freedom in a polar fluid
n(2 = b(= > (o + pg) + (0 — pg) tanh(a)] (6) such as water make things more complex. We have chosen to
modify the unbalanced force parameters so that solvent density
the free energy density is profiles calculated using the LCW theory agree with simulations
of SPC/E water outside solutes with radd, up to 10 A, as
2m (0 — p)%p — po)’ ) shown in Figure 2. Hence, we take= 350.0 kJcrdmol? and
d(p, — pg)z ! 9 coarse-grain the density over a length scalelof 3.0 A.
Although the choice of' and 1 can significantly affect the
Here, o and pq are the liquid and vapor densities respectively solvent density profiles outside small solutes, we find that the
andd is a parameter that describes the width of the interface. solvent density outside large solutes is largely insensitive to
In the square gradient theom is also related taveexp) and variations in these quantities. Our results in e oo limit
the liquid—vapor surface tensiony (eq 13 in ref 2). For are therefore independent of this choice. Furthermore, even for
Weoexp) in €q 7,m = 3dy/(pi — pg)2.3% To approximate the  the small solutes shown in Figure 2, simultaneously increasing

Wcoeip) =
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Figure 3. Attractive part of solute solvent potentialg;(r), for solutes
with effective hard sphere radi = 4, 10, 20, 100, 1000, ane A
(depth of potential well increases with solute size). The curveRfor

= 1000 A andR — « are essentially indistinguishable.

or decreasing both' andA by up to 30% from the values we
have used changes the contact densitgR;"), by less than
15%.

Ill. Application to a Water —Alkane Interface

To estimate ®(r) for a spherical collection of alkane
molecules in water, we assume a uniform dengityof CHa/
CH, groups interacting with water via the Lennard-Jones (LJ)

potential
o=~ 7]

Integratinguy(r) over the volume of a solute of radilg, the
full attractive interaction with a solvent molecule at distance
from the center of the solute is

9)

4411 1 1 1
o(r) = mepo®| 200 2 - L L L 1}
P15 grr® or? gr® o

1
3r3)] (10)

with r. =r + Rsandr— =r — Rs. The hard sphere radius of
the solute R, is related toRs according to eq 3.

For the alkane-alkane LJ parameters and density, we have
used the same values as those employed by Lee'et®nd
Shelley and Pate¥, chosen to mimic the interaction of water
with a material like paraffin (where the LJ parameters ag
= 3.768 A andeaa = 1.197 kJ/mol, angh = 0.0240 A3 (see

1,

3 2
3ry 2
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Figure 4. Excess chemical potential per solute surface akg#rR?,

for spherical solutes of radiuR in water at 298 K, with (solid line)
and without (dashed line) attractive interactions with the solvent. The
inset shows the same curves, but for a larger randg® @he solid line
does not extend t& = 0 becausdR; becomes negative fd® ~ 0.60.

we will refer to solutes for whictib,(r) is nonzero outside the
solute as “alkane solutes”, and as “hard spheres” otherwise.
The excess solvation free energy per solute surface Arga,
47R2, from the LCW theory for alkane solutes and hard spheres
at 298 K is plotted in Figure 4. The scaling &« with R is
qualitatively very similar in both cases. For small solut&s,
scales with solute volume, crossing over to an approximate
scaling with surface area at around 1 nm.
To obtain the surface tension of the soldsmlvent interface,
¥, in the limit R — o, we assume that

Au _pR ( 26)
4R 3 v R

as discussed in detail in ref 3. Heper W(pg) — W(o))%® is the
external pressure of 1 atm adds a coefficient which describes
the approach of an asymptotic scaling/gf with surface area.
From a linear regression afu/47R? for R between 200 and
600 A, we find thaty is 53.2 and 72.1 mJ/ fnrespectively, for

the alkane and hard sphere surfaces. The latter value is by
construction equal to the liquievapor surface tensiory, one

of the input parameters in the theory. The former value is not
predetermined and is found to be close to the experimentally
measured alkanrewater surface tensions at 293 K, which, for
all linear alkanes with 6 to 14 carbons, lie between 50.2 and
52.2 mJ/mM.3° There do not appear to be experimental measure-
ments at 298 K. However, the values at 298 K are not expected
to be significantly different, considering the small change in
experimental liquie-vapor surface tensions (around 1 m3/m
for water and alkanes over this temperature ra¥fgaur results

(11)

ref 15). These parameters are also very similar to those are also in agreement with the experimentally measured factor

employed by Wallgvist et al. for a water droplet embedded in
an alkane materidf The LJ parameters for the alkaneater
interactions in eq 10 were determined using the Lorentz
Berthelot combining rules, with = oaw = (0aa + oww)/2 =
3.468 A andk = eaw = y/epp€py = 0.882 kd/mol, whereww

= 3.167 A andeww = 0.650 kJ/mol are the watewater LJ
parameters in the SPC/E modékb,(r) is plotted in Figure 3
for several different solute radR. Hereafter, for convenience

of 3 difference between the typical alkansater surface tension
(=50 mJ/m) and the free energy of solvation per surface area
of small linear alkanes in water(l7 mJ/n% for R~ 4.0 A) 87
While this difference has been the focus of some intéfeét,
the difference is essentially a trivial consequence of the
crossover behavior illustrated in Figure 4.

The solvent radial distribution function around alkane and
hard sphere solutegyR + r), is plotted for several radii in
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e — T > 100 A, g(r) for the peak in the first solvation shell is around
2 4k . 0.9. This result is similar to that of Wallgvist et .for a
spherical droplet of radius 21 A of SPC/E water at equilibrium
R =4A 1T I R =10A ] in an alkane material at 298 K and 1 atm. In those calculations,
1+ ‘\\/— the corresponding value fg(r) was approximately 1.0, using

|

T

g(R+r1)

an attractive interaction potential about 20% stronger than that
employed in this work. Our result is also consistent with the
computer simulations of Lee et ®16 and of Shelley and
— Patey!” in which it was found thag(r) ~ 1.12 for the first
solvation shell peak for TIP4P water between parallel alkane

~ 1 r\/. - plates. One would e>§pect the TIP4[) at contact to be slightly
é e ] {.,/—r | Iarge_r than we predict for rea_l water or SPC/E water because
%051 | /I B the liquid—vapor surface tension of TIP4P water at 300 K, at
R =20A / R = 100A 63.5+ 5 mJ/n?,%5 is smaller than that of either of these two
0 L fluids. TIP4P water may therefore be expected to have a “softer”
0 ' ' =t interface, which is thus more easily deformed than that of real
1.5 , T ———— water.

I I While drawn into contact with the large hydrophobic surface,
~ 1k _ o — this interface is distinct from the interface that surrounds a small
¥ /_//7 ] (”- e ) hydrophobic surface. Small solutes have wetting interfaces and
x / ! solvation free energies that scale with solute volume, while large
0.5 - /  R=1000A / R=e 7 solutes have drying interfaces, with or without attractions, and

! | 1 1 1 //I . ] solvation free energies that scale with solute surface area.

00 4 3 12 0 4 8 12 Furthermore, the contact values gfR + r) for the large

hydrophobic solutes are close to 1 or smaller while the small
r [A] r [A] hydrophobic solute considered in Figure 5 has a contact value

Figure 5. Radial distribution functiongy(r), for water density outside larger than 2. To within a few tenths, the effect of watsolute

spherical solutes of various rad® at 298 K calculated with (solid attractions ong(R + r) for a large solute is that of simply

lines) and without (dashed lines) soldtsolvent attractions. translating the value of for g(R + r). Differences of a few
tenths are physically unimportant. They coincide with free
L L B energy differences that are a small fractiorkgT.
1.2+ -

L 4 IV. Temperature Dependence of Hydrophobic Solvation

We have previously studied the temperature and length scale
dependence of hard sphere solvafidrhere, it was suggested
that hard sphere solvation should provide an adequate descrip-
tion of the temperature dependence for more complex solutes,
. such as amino acids and proteins, since selatdvent attrac-
tions mainly add energetic but not entropic contributions to the
free energy. Here, we consider this suggestion in more detail.
The link between the effects of solvergolute attractions on
- structure and free energy temperature dependence is understood
i with the aid of eq 5. For small hydrophobic solutes, the
temperature dependence is well underst¥dd.1°This under-
standing follows from the facts thg(r) for the solvent outside
. such solutes is only weakly dependent upon attractions (see
PR IO S Figure 5), thag(r) is only slightly dependent on temperatdg®

8 10 12 and that integrals oveg(r) for small hard spheres and corre-
z [A] sponding alkane solutes are almost identitals such, applying

. o . . eq 5, the attractive interaction contribution to the small
Figure 6. Solvent distribution functiongy(z), for water outside a walll hvdrophobi | hemical il Cmal R b
in the presence of a potentia®,(r), for ®(r) in eq 10 andby(r) given ydrophobic solute chemical potentid;; (R, T), can be

by eq 1, anct at intervals of 0.1 between 0 and 1.0. approximated as

. P : [ 1 . .
Figure 5. For small solutes, there is little difference between AuST(R, T) = p|('l’)f0 dé f dr @,(r; R ge(r; R, T)
the solvent structure when attractions are present or absent, as

previously appreciated theoreticalyand as observed in simula- ~ p(T) f dr @,(r; R) gy(r; R, 298 K)
tions1* However, for large solutes, attractions do have a notable

. . . . . . = C(small) R 12
effect, translating the drying interface, as illustrated with varying pi(T) (R (12)
strengths of attraction in Figure 6. There is little free energy
cost to move the liquigtvapor interface because the fluid is In contrast, the solvent density outside a large solute translates

close to liquid-vapor phase coexistence. Due to this ease of dramatically in response to even a very small sohselvent
translation, the addition of an attractive potential as weak as attractive potential. At least at 298 K, once the solvent wets
that between alkanes and water is sufficient to draw the drying the solute surface, increasing the strength®a{r) does not
interface into contact with the hydrophobic surface. ForRall  significantly changép(r)C] as shown in Figure 6. This behavior
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can be approximated as (a) b)
R i TR 1 e e
Lo(NL =~ ()L + 0(5)[p(NL — (N (13) - aB g1 | I
of oo {71 il
wheref(§) = 1 for § = 0 and zero otherwise. Furthermore, 2 L _
assuming thatp(n)d ~ p(T)O(r — R), which appears to be 8 r o 1 60k N
roughly correct at 298 K, the attractive contribution to the large E 25 B
hydrophobic solute chemical potentialu (3R, T), for large E " i
solutes is approximately >y - 1 50+ -
| 820 - i i
AUSFEAR,T) ~ py(T) [ dr @4(r) O(r — R) 3 | | 40f -
= pl(T)C(Iarge)(R) (14) sk 1 - 4
30 -
At 298 K, eq 14 gives an estimate ai{2"°(R, T) about 40% I 1 7T 1

larger than the value from thermodynamic integration (eq 5 18 T R 23 PR N T S
without approximation). Although this discrepancy is significant, 50 300 350 400 450 250 300 350 400 450

we expect the accuracy of the assumptions leading to eq 14 to T [K] T K]

improve for attractions stronger than the watalkane interac- Figure 7. Excess chemical potential per solute surface atedR,
tions treated here. We have also tested the accuracy of eq 14N/47R, as a function of temperature with (solid line) and without

; ; ; ; (dashed line) attractions for (a) a solute of radius 3.3 A and (b) a
by carrying out the LCW calculations with(p) parameterized planar surface. The dotted lines axeo(R, T) + AR, T = 298K).

,by the simulated SPC/E_ quu'rek/a.po.r density profile a"?‘ an For the planar surface, the dashed lidgi/47R?, is taken as the
|nterp0|at|0n Of the expel’lmental I|qu1’d/ap0r Surface tenSIéﬁ experimenta| |iquid—vap0r surface tension (ref 35)

at 367 K#” While significantly different profiles are obtained

for the free liquid-vapor interface at 298 and 367 (r) near Acknowledgment. This work was supported by the Director,
an alkane wall is quite similar. Consequently, the temperature Office of Science, Office of Basic Energy Sciences, of the U.S.
dependence oﬂﬂggfge)(R, T), as eq 14 would suggest, is Department of Energy under Contract No. DE-AC03-76SF00098.
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water attractions used in our calculations, eq 14 also appears to ™ (3) Hyang, D. M.; Geissler, P. L.: Chandler, D.Phys. Chem. B0O1

provide an upper bound to the magnitudegf!> R, T). 105, 6704.

Equations 12 and 14 show that the functional form of the Ollg‘gl_Te” Wolde, P. R.; Sun, S. X.; Chandler, Ehys. Re. £ 2002 65

temperature dependence is the same for small and large solutes, (5) Sun, S. XPhys. Re. E 2001, 64, 021512. '
but with different temperature-independent prefactors. Per solute  (6) Small linear alkanes<10 carbons) in water are in the small length

- scale regime. Their solvation free energies are often viewed as scaling with
surface area, the effect of attractions on the temperaturesolute surface area (ref 7). This view does not contradict the fact that in

dependence is slightly greater in absolute terms for larger the small length scale regime, free energies properly scale with volume. In
solutes, mainly due to the largdr(r) [Cla9eYR)/4nR%~ — 4.9 the case of small linear alkanes, surface area is approximately proportional

. - Il 2 o to volume.
kJA/mol for R o while Cloma )(R)/A'JTR ~ 2.5 kJA/mol (7) Tanford, C.The Hydrophobic Effect Formation of Micelles and

for R=3.3 A]. Biological MembranesWiley-Interscience: New York, 1973.

i ; ioti (8) Kauzmann, WAdv. Prot. Chem.1959 14, 1.
Us_lr_lg egs 12 and 14 and experimentally measured coexisting (9) Huang. D. M.: Chandler. DProc. Natl. Acad. Sci., U.S.£2000
densities for watet® we have calculated the free energy of g7 g324.

solvation as a function of temperature for a small methane-  (10) Pratt, L. R.; Chandler, DI. Chem. Phys1977, 67, 3683.

sized solute and a planar alkane surface in water and plot the (11) Chandler, DIntroduction to Modern Statistical Mechanja@®xford
. . University Press: New York, 1987; Chapter 7.

results in Figure 7. For both the small and large solutes, the ™ (15)" Chandler, D.; Weeks, J. D.; Andersen, H.Sziencel983 220,

temperature dependence &fi changes only slightly with the  787.

addition of attractions. This is shown by the difference between (13) Gallicchio, E.; Kubo, M. M.; Levy, R. MJ. Phys. Chem. 200Q
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